Most studies support that saturated fatty acid replacement with polyunsaturated fatty acids (PUFAs) may reduce the risk of cardiovascular diseases (CVDs) and put emphasis on the effects of N-3 PUFAs. The reported relationships between N-6 PUFAs and CVD risks vary. We aimed to examine the associations between N-6 PUFA concentrations and CVD risks. In this community-based prospective cohort study on CVD-free patients at baseline (N = 1835, age: 60.6 ± 10.5 years, women: 44.5%), we measured the fatty acid concentrations in the blood using gas chromatography. Four hundred twentyfour participants developed CVDs during follow up. The total N-6 PUFA concentration was inversely associated with the CVD risk, with a 48% lower risk in the highest N-6 PUFA concentration quartile (hazard ratio = 0.52; P for trend <0.001). The estimated population attributable risk of N-6 PUFAs indicated that approximately 20.7% of CVD events would have been prevented if the plasma N-6 PUFA concentration had been higher than the median value. The total N-6 PUFA concentration presented the highest net reclassification improvement (NRI = 7.2%, P = 0.03) for predicting incident CVD. Further studies on N-6 PUFAs, diet habits, and their relationships with healthcare are warranted.
Results
A total of 1,703 men and 1,899 women living in Chin-Shan Township, Taiwan, were enrolled under regular follow-up, all of whom were free from CVD at baseline ( Fig. 1 ) 30 . Table 1 shows the basic characteristics of the participants according to the LA quartiles at baseline. The participants in the upper quartiles were more likely to be younger and have lower systolic blood pressure, diastolic blood pressure, body mass index, triglyceride concentration, LDL cholesterol concentration, fasting glucose concentration, and higher HDL cholesterol concentration than those in the lowest quartile. In terms of plasma fatty acids, the participants in the upper quartiles had lower concentrations of saturated fat, trans fat, D6D, and higher concentrations of N-6 PUFAs (LA, GLA, and AA), N-3 PUFAs (ALA, EPA, and DHA), and D5D than those in the lowest quartiles. Regarding the categorical variables, the participants in the upper LA quartiles were less likely to smoke and consume alcohol, and a smaller percentage was likely to have a history of hypertension or type 2 DM.
A total of 424 individuals experienced CVD events during the follow-up period (a median of 15.9 years). After adjusting for multiple factors, the hazard ratio (HR) for the incident CVD risk in the highest quartile of the total N-6 PUFA concentration was 0.52 as compared with that in the lowest quartile (95% confidence interval [CI] = 0.38-0.71; P for trend <0.001; Table 2 ), and that for LA was 0.56 (95% CI = 0.40-0.77; P for trend < 0.001; Table 2 ). Conversely, N-3 PUFAs showed no significant protective effects in our data (total N-6 PUFAs in the highest quartile: HR = 0.81, 95% CI = 0.60-1.09; P for trend = 0.12; EPA in the highest quartile: HR = 0.98, 95% CI = 0.74-1.3; P for trend = 0.87; DHA in the highest quartile: HR = 1.04, 95% CI = 0.77-1.41; P for trend = 0.64; see Supplementary Table S2 ).
Regarding the fatty acid metabolic enzymes, D5D was inversely associated with incident CVD, with a 33% lower risk in Model 2 (adjusted HR in the highest quartile = 0.67, 95% CI = 0.50-0.91; P for trend = 0.02; Table 3 ) among the participants in the highest quartile compared with those in the lowest quartile. However, the significant protective effect was attenuated after adjustment for additional clinical variables in Model 3. Regarding the P/S ratio, the HR in the highest quartile compared with that in the lowest quartile was 0.58 (95% CI = 0.42-0.80; P for trend < 0.001; see Supplementary Table S3 ).
For the trend of the CVD risk in the progressively increased N-6 PUFA quartile groups in both sexes, despite the significant interaction between N6-PUFAs and sexes, higher N-6 PUFA concentrations were found to be associated www.nature.com/scientificreports www.nature.com/scientificreports/ with lower CVD risks in both sex groups (all P for trend < 0.05, see Supplementary Table S4 ). The CVD risk in the female participants for Q3 (N-6 PUFA quartile) was significantly lower than that for Q1. However, we did not find a significantly lower CVD risk in the male participants for Q3 than for Q1 (see Supplementary Table S4 ).
As Table 1 shows an opposite proportion in the distribution of LA between the male and female participants, subgroup analyses for LA and N-6 PUFAs were performed via sex stratification after adjusting for multiple confounders. Higher LA quartiles were associated with lower incident CVD event risks in Model 0 (crude effect; LA (% of total FAs) Q1 (n = 456) Q2 (n = 459) Q3 (n = 460) Q4 (n = 460) Table 4 ) regardless of sex difference. However, we found a significant interaction between LA and sex (P = 0.003) and between the quartiles of LA and sex (P < 0.001) in Model 0. After adjusting for multiple confounders, the female participants achieved more significant benefits in the highest quartile of LA in reducing the incident CVD risk than did the male participants (HR = 0.57, 95% CI = 0.35-0.95; P for trend = 0.005; Table 4 ). LA showed significant protective effects in the two marker analyses in comparison with N-3 PUFAs and D5D (see Supplementary Table S5 ). The adjusted HRs for the highest LA and N-3 PUFA quartiles were 0.60 (95% CI = 0.38-0.93; P for trend = 0.02) and 1.02 (95% CI = 0.67-1.53; P for trend = 0.94), respectively; the HRs for the highest LA and D5D quartiles were 0.59 (95% CI = 0.38-0.92; P for trend = 0.02) and 0.98 (95% CI = 0.64-1.50; P for trend = 0.91), respectively.
In the receiver operating characteristic curve analysis, the area under the curve increased from 0.64 in the baseline model to 0.65 in the additional N-6 PUFA model (see Fig. 2 for the performance measurement values). The reclassification improvement with and without N-6 PUFAs is listed in Supplementary Table S6 . N-6 PUFAs presented the highest NRI for predicting incident CVD than base model (NRI = 7.2%, P = 0.03), which indicated that only the inclusion of N-6 PUFAs could improve predictions related to CVD (see Supplementary Table S7 ).
The estimated population attributable risks (PARs) of the N-6 PUFA concentration indicated that approximately 20.7% of CVD events would have been prevented if the plasma N-6 PUFA concentration had been higher than the median value (26% of the total fatty acids) (see Supplementary Table S8 ).
Discussion
We demonstrated several findings in this study: (1) The total N-6 PUFA concentration was inversely associated with the CVD risk when compared across the highest quartile to the lowest quartile. The inverse associations of N-6 PUFAs and LA with the CVD risks were found especially in the female participants; (2) the estimated PAR of N-6 PUFAs indicated that 20.7% of CVD events would have been prevented if the plasma N-6 PUFA concentration had been higher than the median value (26% of the total fatty acids); (3) we did not find a significant inverse relationship of N-3 PUFAs with incident CVD. In addition, among the metabolic enzymes, D5D reduced the risk of CVD after adjusting for age, body mass index, smoking, alcohol consumption habits, marital status, educational level, occupation, and regular exercise. However, the inverse effect was attenuated after adding additional factors of baseline hypertension, DM, continuous LDL cholesterol concentration, and HDL cholesterol concentration.
Previous studies put great emphasis on N-3 PUFAs, especially on marine PUFAs (EPA + DHA), and have observed a cardio-protective effect 31, 32 . However, our study failed to find a significant association between the concentrations of N-3 PUFAs and CVD risk. Another study on marine PUFAs using the same community-based cohort found that the relative risk of CVD events in the highest quartile compared with that in the lowest quartile was 0.88 for EPA (P for trend = 0.54) and 1.12 for DHA (P for trend = 0.94) 30 . Despite the longer follow-up period in our study, we still were unable to detect significant protective effects of marine fatty acids. A meta-analysis of 14 randomised trials (involving 20,485 patients with prior CVD) investigated the role of EPA and DHA supplementation in the secondary prevention of CVD. The authors found insufficient evidence for a secondary protective effect of N-3 fatty acid supplements against overall cardiovascular events 33 . www.nature.com/scientificreports www.nature.com/scientificreports/ The clinical value of N-6 PUFAs for total mortality and CVD risks remains controversial 21, 34 . In the Framingham Heart Study, higher marine N-3 PUFA concentrations were related to reduced CVD, ischaemic stroke, and mortality risks. However, the authors could not find the same effect in N-6 PUFAs. A meta-analysis pooling 30 prospective cohort studies with nearly 70,000 participants showed that higher concentrations of LA were significantly associated with lower total CVD, cardiovascular mortality, and ischaemic stroke risks 35 , while the concentrations of AA were not associated with cardiovascular outcomes. A systematic review reported that N-3 and N-6 PUFAs have competing roles in the production of anti-inflammatory and inflammatory eicosanoids 21 . Some studies have suggested that the EPA:AA ratio was associated with CHD risk, but they could not find a consistent conclusion regarding the same 34 .
Several sources support the proposition that dietary habits may influence plasma fatty acids and health. A prior study analysing 16 cohorts indicated that higher intake of vegetable oils and vegetable foods but lower intake of hard fats and animal foods may reduce the all-cause mortality risk 36 . An ecological study revealed that the 50-year CHD mortality had a significant ecologic correlation with dietary patterns 37 , such as consumption of rich vegetable foods and starch; however, consumption of lower sweet products and animal foods in Mediterranean and Japanese cohorts was inversely correlated with a lower CHD risk. LA could be obtained mainly from vegetable oils (e.g. corn, sunflower, safflower, and soy), accounting for 85-90% of dietary N-6 PUFAs. In most western countries, emphasis is placed on providing adequate intake of essential nutrients. In clinical practice, although firm requirements have not been established for healthy adults, estimates have been derived from studies in infants and hospitalised patients receiving total parenteral nutrition. These suggested the sufficiency of an LA intake of approximately 0.5-2% of energy 22 . In this study, we demonstrated that the N-6 PUFA and LA concentrations were inversely associated with the CVD risk, and the significance can be found especially in women and the latter; conversely, the concentrations of N-3 PUFAs were not associated with decreased CVD risks in our cohort during the long-term follow-up period. We failed to explain the actual mechanism behind this finding. However, by reviewing several sources, we believe that various dietary habits, geographic regions, ethnic differences, and changes in oestrogen concentration in women could have potential influences on cardiovascular outcomes. Our research might provide evidence of baseline concentrations of PUFAs on their clinical utility in the relation to the CVD risk, which may be a manifestation indicating the indirect outcome of dietary supplement habits that would allow proper dietary recommendations especially in Asian populations.
The metabolic enzymes, D5D and D6D, have been associated with many chronic diseases and inflammatory responses 38, 39 . Hypothetically, a high enzymatic activity may indicate a peculiar susceptibility of the arterial wall www.nature.com/scientificreports www.nature.com/scientificreports/ to inflammatory stimuli during the atherosclerotic process 39 . Higher activities of D6D and lower activities of D5D are associated with the CHD risk 29 . In our study, we also noted a significant inverse dose-response trend of the D5D metabolic enzyme in Model 2. D5D-related processes are a key step in humans, and genetic variations in this step among individuals may regulate the efficiency of the conversion of high concentrations of long-chain PUFAs, such as AA 40 . Genes suppressing the activity of both D5D and D6D may lead to low plasma and tissue concentrations of PUFAs and their products 41 . The decrease in beneficial eicosanoids could increase inflammatory metabolites that could cause endothelial dysfunction and thus accelerate the progression of low-grade inflammation and atherosclerosis.
The biological mechanisms underlying the relationship of D5D activity and LA with the CVD risk are not well understood. However, the numerous biologically active compounds produced from PUFAs may play a role. In addition to facilitating inflammatory responses, LA and AA metabolites help reduce inflammation and promote resolution 25 . These anti-inflammatory metabolites could inhibit leukocyte activation and platelet aggregation and boost endothelial cell production of other anti-inflammatory metabolites 5, 42 . D5D and D6D are the key enzymes that produce long-chain PUFAs, such as AA and EPA. The protective effect of higher D5D activities may be attributed to increased production of anti-inflammatory eicosanoids and lipoxins, resolvins, and protectins from AA, EPA, and DHA 39 . Without the D5D enzyme, dihomo-γ-linolenic acid cannot be metabolised to long-chain PUFAs that are essential precursors to numerous anti-inflammatory metabolites. Breakdown in the balance between anti-and pro-inflammatory metabolites would then be expected to increase the risk for some chronic diseases.
Our study has several strengths. First, it is a valuable report in Asia with a large sample size and a long-term follow-up period. In addition, the use of a community-based population could help reduce the possibility of selection bias. To control for potential confounding factors, this study also incorporated important socioeconomic and lifestyle factors into several models. We believe a report on the observation of a strong relationship in Asia or Taiwan could provide an important evidence of a potential preventive measure in reducing future CVD risks. Second, we had a clear disease ascertainment strategy. Lastly, we were able to measure fatty acid biomarkers and had good internal standards for measuring plasma fatty acids.
This study also had several potential limitations. First, because we only measured the concentrations of fatty acids once, our results might be attenuated by intra-individual variations. However, Wu et al. also measured plasma fatty acids once and used them as biomarkers from 1992 to 1993 43 . Their single measurement still exhibited that the within-person correlations for N-6 PUFAs from baseline to 13 years were moderate (0.49 for LA and 0.60 for AA), showing that the correlation of fatty acids is still high. Furthermore, the actual effect must be stronger because the effects of fatty acids could be underestimated. Second, food frequency questionnaires related to dietary fat intake and dietary supplement habits were not administered. However, we provided adequate data in presenting the associations between N-6 fatty acid concentrations and incident CVD risks, which may be a manifestation indicating the indirect outcome of dietary supplement habits. Lastly, the participants in this study were predominately ethnic Chinese. Our observations might not be generalisable to other ethnic groups.
conclusion
In this community-based cohort study in Taiwan, the total N-6 PUFA and LA concentrations were inversely associated with the risk of incident CVD in a dose-response manner. Further clinical trial studies are warranted to investigate the effect of N-6 fatty acid concentrations and dietary habits on cardiovascular health.
Methods
Study design and population. The design of this cohort study has previously been described 44, 45 . Briefly, the study was conducted in Chin-Shan Township, Taiwan, and began in 1990; Interview questionnaires in 2-year cycles were administered for collecting data on anthropometry, lifestyle, and medical conditions. The study protocol was approved by the Institutional Review Board (IRB number: 201605105RINA) of the National Taiwan University Hospital. Formal informed consents were obtained for all participants for entering the study. Participants were aged over 35 years. All methods were performed in accordance with the relevant guidelines and regulations.
Determination of fatty acid profiles using gas chromatography. Biochemical measurements (including fatty acid profiles) were performed once at baseline in 1835 participants. The procedures used for blood sample collection and fatty acid measurement have been previously reported 30, 44 . Briefly, a total of 29 individual fatty acids were identified in this study. The relative quantity of each fatty acid (% of the total fatty acids) was determined by integrating the area beneath the peak and dividing the results by the total area of all fatty acids 30 . The fatty acid profiles included SFAs, trans fat, polyunsaturated fat, monounsaturated fat, DHA, EPA, and the activity of metabolic enzymes (D5D and D6D). The P/S ratio was defined as PUFAs: SFAs. The inter-assay coefficients of variation were 6.5%, 4.3%, 4.0%, and 7.5% for LA, AA, EPA, and DHA, respectively. Ascertainment of outcomes. The primary endpoints were the time to the first incident CVD events, including CHDs and stroke. Data on incident non-fatal ischaemic and stroke events were obtained from annually administered questionnaires. All diagnoses were confirmed by neurologists and internists. Incident CHD included cases of nonfatal myocardial infarction, angina, and hospitalisation due to percutaneous coronary intervention or coronary bypass surgery. Stroke events included cases of an incident neurological deficit of vascular origin lasting longer than 24 hours and those diagnosed via imaging studies in support of the evidence. The follow-up period ended when the subjects developed new-onset CVD before December 31, 2014, died before December 31, 2014, or lived beyond December 31, 2014.
